Malperfusion of the placenta has been implicated as a cause of oxidative stress in complications of human pregnancy, leading to release of proinflammatory cytokines and anti-angiogenic factors into the maternal circulation. Uterine contractions during labor are known to be associated with intermittent utero-placental perfusion. We therefore tested whether oxidative stress, proinflammatory cytokines, and angiogenic regulators were increased in placentas subjected to short (<5 hours) and long (>15 hours) labor compared with nonlabored controls delivered by cesarean section. In addition, broader changes in gene transcripts were assessed by microarray analysis. Oxidative stress, activation of the nuclear factor-B pathway, tumor necrosis factor-␣ and interleukin 1␤ all increased in placental tissues after labor. Stabilization of hypoxia-inducible factor-1␣ and increased vascular endothelial growth factor soluble receptor-1 were also observed. By contrast, tissue levels of placenta growth factor decreased. Apoptosis was also activated in labored placentas. The magnitude of these changes related to the duration of labor. After labor , 55 gene transcripts were upregulated and 35 down-regulated , and many of these changes were reflected at the protein level. In conclusion , labor is a powerful inducer of placental oxidative stress , inflammatory cytokines , and angiogenic regulators. Our findings are consistent with intermittent perfusion being the initiating cause. Placentas subjected to labor do not reflect the normal in vivo state at the molecular level. There is currently much interest in the role that placental oxidative stress plays in the pathophysiology of complications of human pregnancy.
There is currently much interest in the role that placental oxidative stress plays in the pathophysiology of complications of human pregnancy. [1] [2] [3] The cause of the oxidative stress is not certain, but the major complications of pregnancy have long been associated with deficient conversion of the uterine spiral arteries, suggesting that impaired perfusion of the placenta is the initiating insult. 4 -7 Deficient conversion results in the spiral arteries retaining more smooth muscle cells in their walls than normal, and we recently proposed that this leads to exaggerated intermittent perfusion of the placenta. 8 Experiments involving hypoxia-reoxygenation of villous explants in vitro have supported this hypothesis, demonstrating that placental oxidative stress can be induced rapidly by an ischemia-reperfusion-type insult. Generation of oxidative stress is associated with activation of the p38 and SAPK MAPK, and the nuclear factor (NF)-B signaling pathways; increased secretion and production of tumor necrosis factor-␣ (TNF-␣) and interleukin-1␤ (IL-1␤); and apoptotic changes localized principally to the syncytiotrophoblast. 9 -13 The finding that these changes can be blocked by antioxidants in vitro 9 strongly suggests they are a response to increased production of reactive oxygen species.
However, the cellular events occurring during hypoxiareoxygenation are complex because of the rapid rate of reaction of reactive oxygen species with scavengers and other biomolecules. Consequently, in vitro manipulations may not accurately reflect in vivo responses. It is not possible experimentally to induce changes in utero-placental perfusion in pregnant women for obvious ethical reasons. We therefore took advantage of the experimentof-nature that occurs when an otherwise healthy placenta is subjected to intermittent blood supply during labor to assess the impact of ischemia-reperfusion in vivo on placental gene expression and cytokine profile. Uterine contractions cause compression of the uterine vasculature and, hence, transient reductions in uteroplacental blood flow. 14 -16 Recent Doppler ultrasound studies have demonstrated a linear inverse relationship between uterine artery resistance and the intensity of the uterine contractions during labor. 14 The absence of end-diastolic flow is observed during contractions when the intrauterine pressure exceeds 35 mmHg. 15 This intermittent perfusion can be expected to provide the basis for ischemia-reperfusion type injury of the placenta. As a result, conversion of xanthine dehydrogenase to xanthine oxidase (XD/O), a hallmark of ischemia-reperfusion injury, is enhanced in placental tissues after vaginal delivery compared with nonlabored cesarean controls. 17 Analysis of placental energy metabolism also confirms significant ischemia during labor because there is a marked reduction in the tissue concentration of ATP, and of the ATP/ADP ratio, in placentas delivered vaginally compared with cesarean controls. 18 In addition, labor is associated with a significant depletion of vitamin C in maternal plasma, amniotic fluid, and fetal plasma, indicating increased utilization of antioxidant pathways. 19 Finally, umbilical venous and arterial samples of neonates born by vaginal delivery contain higher glutathione levels compared with those delivered by cesarean section (CS), 20 and placental generation of lipid peroxide and superoxide are also enhanced.
The hemodynamic consequences of labor for the placenta are, however, potentially confounded by the endocrine stimuli that initiate the labor process. In most models of parturition, prostaglandins (PGs) are identified as the effector molecules for uterine contractions and cervical ripening. PG formation is known to be stimulated by proinflammatory cytokines that are secreted locally by intrauterine tissues. In preparation for labor, there is a switch in the myometrium from the production of prostacyclin, which suppresses uterine activity along with progesterone, to increased synthesis of PGE 2 and PGF2␣, which are uterotonic. These PGs arise via the action of cyclooxygenase (COX) enzymes, primarily via transcriptional up-regulation of the inducible isoform COX-2. 21 Although these PGs are primarily uterotonic, they could also have an effect on placental gene expression. To separate the hemodynamic effects of labor from the stimuli initiating labor, we determined whether the responses were related to the duration of labor by investigating placentas subjected to short (Ͻ5 hours) and long labor (Ͼ15 hours).
The hypothesis tested in this study was that ischemiareperfusion during labor stimulates oxidative stress, increased production of proinflammatory and anti-angiogenic cytokines, and apoptosis in placentas from vaginal deliveries compared with nonlabored cesarean controls. A panel of antibodies reflecting these protein changes has been chosen, based primarily on our previous in vitro findings. 9 We also assessed the impact of the labor process on the broader pattern of placental gene expression using microarray analysis in the long labor samples.
Materials and Methods

Materials
Antibodies to the phosphorylated and total forms of IB, Hsp27, TNF-␣, cleaved caspase-3, and cleaved caspase-9 were from Cell Signaling Technology (Beverly, MA). Anti-COX-2 antibody was from Cayman Chemical (Ann Arbor, MI), anti-HNE from Axxora (Nottingham, UK), anti-Hsp90 from Stressgen Bioreagents Corp. (York, UK), anti-VEGF-R1 and PlGF from Abcam (Cambridge, UK), and anti-VEGF-A from Santa Cruz Biotechnology (Santa Cruz, CA). The horseradish peroxidase-conjugated secondary antibodies were from Amersham Biosciences (Bucks, UK). Alexa 488 and Alexa 568 fluorescently labeled antibodies were from Molecular Probes Invitrogen Detection Technologies (Leiden, The Netherlands), and biotinylated secondary antibodies were from Vector Laboratories (Peterborough, UK).
Tissue Collection
The study was approved by the local research ethics committees in Cambridge and London. Human term (38 to 41 weeks) placentas were obtained from normal uncomplicated pregnancies, with written informed patient consent, immediately after either elective nonlabored CS or vaginal delivery.
In patients delivering vaginally the start of labor was defined as the onset of regular uterine activity leading to dilatation of the cervix. Progress of labor was recorded using a partogram, 22, 23 and all patients progressed satisfactorily to a noninstrumented vaginal delivery. Placentas were collected from women delivering after Ͻ5 hours of total labor (short labor) and Ͼ15 hours (long labor). There was no evidence of ascending infection in the vaginal deliveries, and clinical details of the placentas used for protein analysis and immunohistochemistry (IHC) are presented in Table 1 .
Samples (each ϳ40 to 50 mg wet weight) were taken from two standardized sites midway between the chorionic and basal plates from lobules free of visible infarction, calcification, hematoma, or tears, and processed within 5 to 10 minutes of delivery. After a brief rinse in ice-cold phosphate-buffered saline, samples were either snap frozen in liquid nitrogen for mRNA and protein analysis (stored at Ϫ80°C until use) or fixed in 4% paraformaldehyde and embedded in wax for IHC.
Western Blots
Tissue homogenization to obtain protein lysates and subsequent sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting were performed as previously described. 12 Proteins were revealed and quantified 
RNA Isolation and Aminoallyl Reverse Transcription Labeling
Total RNA was isolated either from snap-frozen placental tissue or from tissue collected in RNA Later (Ambion, Inc., Austin, TX) using TRI reagent (Sigma). The RNA was quantified by spectrophotometry (Nanodrop Technologies, Wilmington, DE) and RNA integrity assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies UK Ltd., Stockport, Cheshire, UK). In brief, 20 g of total RNA from each sample and the common reference RNA (a pool of equal masses of RNAs from 20 placentas) were reverse-transcribed using a master mix containing SuperScript II reverse transcriptase in the first strand buffer with 0.1 mol/L dithiothreitol (Invitrogen, Paisley, UK), 5 g/l oligo (dT) 23 (Sigma), 50ϫ aminoallyl dUTP/low dTTP dNTP mix (25 mmol/L dATP, 25 mmol/L dCTP, 25 mmol/L dGTP, 10 mmol/L dTTP, and 15 mmol/L aa-dUTP), and 20 U/l RNaseOUT (Invitrogen). The cDNA was purified using a Microcon-30 filter (Millipore, Bedford, MA) and fluorescently labeled with either Cy-3 or Cy-5 monofunctional reactive dye (GE Health Care UK Ltd., Little Chalfont, Buckinghamshire, UK). Dye-labeled cDNAs were purified using a polymerase chain reaction (PCR) product purification kit (Qiagen Ltd., Crawley, West Sussex, UK) and dried before hybridization.
Microarray Analysis
Equal amounts of the labeled cDNAs were dissolved in hybridization buffer (40% deionized formamide, 5ϫ Denhardt's solution, 5ϫ standard saline citrate, 50 mmol/L Tris-HCl, 0.1% sodium dodecyl sulfate, 1 mol/L sodium pyrophosphate, 4 mg/ml yeast tRNA, and 8 mg/ml Poly dA), boiled, and hybridized at 42°C for a minimum of 18 hours to custom human cDNA arrays (HMN1 and HMN2) representing ϳ15,000 genes in total (http://www.path.
cam.ac.uk/resources/microarray/microarrays/).
After hybridization and washing, the arrays were scanned using an Axon 4100A scanner and the images analyzed using BlueFuse software (BlueGnome, Cambridge, UK). The raw data were normalized both within arrays and between arrays using the LIMMA software package (linear models of microarray data, http://bioinf.wehi.edu.au/ limma/). Transcript abundance data were compared between cesarean control and prolonged labor samples using the popular Cyber-T algorithm. 24 This algorithm is an unpaired t-test, modified by the inclusion of a Bayesian prior based on the variance of other transcripts in the data set 25 and is widely used. For further statistical analysis, GeneSpring Expression Analysis software (Silicon Genetics, Redwood City, CA) was used. Gene ontologies were identified using Fatigo 26 (http://www.fatigo.org). The transcripts identified as having significantly different abundance were analyzed using the Ingenuity Pathway Analysis package (Redwood, CA). The MIAME for both HMN1 and HMN2 arrays have been submitted and accepted in European Bioinformatics Institutes (http://www.ebi.ac.uk), and their accession numbers are A-MEXP-361 and A-MEXP-362, respectively.
Quantitative Polymerase Chain Reaction Analysis
The ABI Prism 7700 sequence detection system (TaqMan; Applied Biosystems, Warrington, Cheshire, UK) was used to perform real-time polymerase chain reactions according to the manufacturer's protocols. Ct values for each transcript were compared with those for 18S ribosomal RNA, which according to the gene array results remained relatively constant in abundance. All primers and probes were obtained from Applied Biosystems, Assays-on-Demand, and used a 5Ј-FAM reporter and 3Ј-nonfluorescent minor groove binder. The thermocycler parameters were 2 minutes at 50°C, followed by 40 cycles of 15 seconds 95°C and 1 minute at 60°C for PCR amplification.
Statistical Analysis
All data are presented as means Ϯ SEM. Statistical analysis was performed using Statview (SAS Institute Inc., Cary, NC). Western blot measurements were analyzed using analysis of variance, and significant differences between groups were identified using the protected least significant differences (PLSD) post hoc test at P Ͻ 0.05. Differences between two groups were evaluated using Student's unpaired t-test. In all cases, results were considered significant at P Ͻ 0.05.
Results
Effect of Labor on Oxidative Stress and Antioxidant Enzymes
Expression of the heat shock proteins (Hsp27 and Hsp90) and peroxidation of lipids (anti-HNE) were used as markers of oxidative stress. The relative amount of Hsp90 was significantly increased in the long labor samples, whereas that of Hsp27 peaked in the short labor samples and then fell to nonlabored levels ( Figure 1 ). IHC localized Hsp27 principally to the syncytiotrophoblast (see below, Figure 6A ). The relative amount of HNE between the three groups was not significantly different when analyzed by analysis of variance because of the small sample number and large variability. However, there was an obvious trend indicating increased lipid peroxidation in labored samples, and the difference was significant when the cesarean controls were compared with all of the labor samples combined (P ϭ 0.023 analyzed by Student's t-test).
Mn-SOD increased in the short labor samples but returned to control levels in long labor placentas (Figure 2 ). Catalase increased with labor duration, and there was also a significant difference in catalase expression between the two labor groups (Figure 2 ). The expression in Cu/Zn-SOD also seemed to increase with labor duration, but this trend was not statistically significant by analysis of variance (Figures 2 and 6B ). There was no effect on glutathione peroxidase (Figure 2 ).
Effect of Labor on Cytokines and COX-2 Expression
The NF-B pathway has been implicated in responses to oxidative stress. Phosphorylation and subsequent degradation of the IB protein allows translocation of NF-B to the nucleus, where it regulates gene expression. The ratio of phosphorylated IB to total protein increased markedly with the duration of labor, reflecting activation of the NF-B pathway. There was a significant difference between the short and long labor samples (Figure 3) .
Activation of NF-B suggests an increase of proinflammatory cytokines and COX-2 after labor. Western blots confirmed that TNF-␣, IL-1␤, leptin, and COX-2 were all significantly increased in labored placentas compared with cesarean controls. Of these, only COX-2 was significantly different between short and long labor (Figure 3) . IHC demonstrated localization of COX-2 and TNF-␣ principally to the trophoblast (see Figure 6 , C and D).
Effect of Labor on Angiogenic Regulators
We also examined the effect of labor on placental vascular endothelial growth factor (VEGF-A), its soluble receptor (sVEGF-R1), and placental growth factor (PlGF). VEGF-A increased during labor in a similar manner, and there was a significant difference between the two labor groups (Figure 4 ). Placental sVEGF-R1 was significantly increased in both the short and long labor samples, the increase being 2.5-fold in long labor samples compared with cesarean controls (Figure 4) .
HIF-1␣ has been implicated in the regulation of both these proteins, 16 and we found that HIF-1␣ increased with the duration of labor, reaching statistical significance in the long labor samples (Figure 4 ). In contrast, PlGF decreased with labor duration, the difference reaching statistical significance in the long labor samples. HIF-1␣ and PlGF expression was significantly different between long labor and short labor. Plasminogen activator inhibitor type 2 (PAI-2) showed a trend toward a decrease in the long labor samples, but the differences failed to reach statistical significance (Figure 4) . IHC localized the immunoreactivity of sVEGF-R1 ( Figure 6E ), PlGF ( Figure 6F ), and PAI-2 ( Figure 6G ) principally to the syncytiotrophoblast.
Proapoptotic Effects of Labor
Both TNF-␣ and IL-1␤ are known to be proapoptotic, and their elevation may lead to an increase of apoptosis in placental tissues subjected to labor. Consistent with this hypothesis, there was a significant increase in levels of cleaved caspase-3 and cleaved caspase-9 in the labored samples, with no significant difference between the two labor groups ( Figure 5 ). Cleaved PARP also showed a strong trend toward an increase in the long labor samples, but analysis of variance was not significant (P ϭ 0.078) because of large sample variation. It is important to note that IHC staining for M30 confirmed trophoblast apoptosis after labor ( Figure 6H ). To summarize, the above results clearly show an increase in oxidative stress, production of inflammatory cytokines and sol- 
Changes in the Placental Transcriptome during Labor
cDNA microarray analysis was performed using custommade human cDNA arrays containing ϳ15,000 probes in total. Placentas from uncomplicated normal pregnancies were used: seven from women undergoing labor longer than 15 hours and 10 from women undergoing elective CS. After normalization of the raw data from all 17 with LIMMA, the data were analyzed using Cyber-T. The conditions were tuned by repeated random sampling of the data, and parameters were chosen that resulted in a false discovery rate of less than 6%. Ninety transcripts were found to be significantly altered in their expression levels by Ͼ1.35-fold: 55 transcripts were found to be up-regulated and 35 transcripts to be down-regulated. The regulated transcripts were assigned to functional subsets by ontology analysis, and a portion of this is shown in Table  2 . Additional details relating to all of the regulated transcripts are shown in Supplemental 
org).
Tissue and cellular regulation depends on the interaction and co-regulation of numerous factors. Gene array analysis allows identification of many of the transcripts that form a part of this complex regulatory network. Analysis of the transcripts we identified as being significantly regulated with Ingenuity Pathway Analysis software revealed that there are numerous known relationships described in the existing literature connecting many of these transcripts. For example, as shown in Figure 7 , several transcripts encoding proteins produced by, or acting on, endothelial cells are clearly connected [placenta growth factor (PGF), fms-like tyrosine kinase/ VEGF-R1 (FLT1), von Willebrand factor (VWF), thrombospondin 1 (THBS1), and integrin ␣ V (ITGAV)]. The ontology analysis also groups these transcripts as involved in blood vessel development. It was notable that the transcripts encoding leptin and VEGF-R1 were increased, and those encoding PlGF and PAI-2 were decreased, supporting the protein and IHC data. Several transcripts encoding enzymes involved in the cellular response to stress were also regulated and identified in the GO analysis.
Discussion
In this study, we compared samples from placentas delivered vaginally to nonlabored controls delivered by elective CS. We examined a panel of oxidative stress, angiogenic, proinflammatory, and apoptotic markers, and further divided the vaginally delivered placentas into two groups depending on the duration of labor, short labor (Ͻ5 hours) and long labor (Ͼ15 hours). We could thus study the effect of labor as well as the duration of labor on the placenta. To compare between groups it was important to load all samples on the same gel. We were thus restricted to examine just five samples per group. We repeated our protein probing several times, using different samples, and are satisfied that, despite intersample variations, the reported changes are genuine. Microarray analysis of ϳ15,000 placental transcripts was also performed on the long labor samples. We found evidence of increased oxidative stress, activation of the NF-B pathway and an increase in COX-2 and proinflammatory cytokines, stabilization of HIF-1␣ and increased tissue concentrations of soluble VEGF-R1 and VEGF-A, decreased tissue concentration of PlGF, and increased activation of apoptosis in labored placentas. The expression of most of these markers increased or decreased in relation to the duration of labor. Changes in the transcript levels supported the protein and IHC data. Not all protein changes were matched by equivalent changes in mRNA, but this is not surprising because many stimuli induce protein changes through translational mechanisms and have no effect on the transcript levels. For example, HIF-1␣ and -2␣ protein but not mRNA are increased in the syncytiotrophoblast, villous cytotrophoblast, and fetoplacental vasculature in the first trimester. 27 There were differences in the degree of expression of several markers, including Hsp27, Hsp90, catalase, COX-2, P-IB/IB, HIF-1␣, VEGF, and PlGF, between short labor and long labor. The data presented here suggest that the duration of labor increases the severity of the impact, which is to be expected. However, there were a few protein markers, including Hsp27, MnSOD, TNF-␣, and IL-1␤, that were only significantly increased in Figure 5 . Labor induces apoptosis. Lysates from placentas delivered by CS or vaginally with short labor (Ͻ5 hours) or long labor (Ͼ15 hours) were immunoblotted and analyzed with anti-cleaved caspase-3, anti-cleaved caspase-9, and anti-cleaved PARP antibodies. All blots were reprobed with anti-␤-actin to normalize gel loading and normalized results (ϮSE) are plotted, expressing cesarean controls as 100%. Different letters indicate groups that are significantly different using the PLSD test with P Ͻ 0.05.
the short labor samples. The increase of Hsp27 and MnSOD may reflect a transient compensatory mechanism to deal with increasing oxidative stress. These defense mechanisms could be exhausted as the duration of labor continues. Why tissue levels of TNF-␣ and IL-1␤ were highest in short labor samples is less clear, but we speculate these cytokines are secreted into the maternal circulation as labor progresses, thus depleting tissue levels.
Because our study was based on human patients, we cannot completely separate the endocrine and hemodynamic effects of labor on the placenta. However, there is no doubt that the uterine contractions associated with labor provide the basis for ischemia-reperfusion type injury to the placenta. Doppler ultrasound studies have demonstrated a linear inverse relationship between uterine artery resistance and the intensity of the uterine contractions during labor.
14 This can lead to complete absence of end-diastolic flow when the intrauterine pressure exceeds 35 mmHg. 15 As shown in chronically instrumented pregnant rhesus monkeys, sustained myometrial contractions lead to near complete cessation of placental blood flow through compression of the arcuate and spiral arteries. 16 Once uterine contractions have subsided, reperfusion of placental tissues ensues, which can result in tissue hyperemia and the generation of reactive oxygen species. 28 Equivalent systematic investigation is not possible in the human, but angiographic studies performed at 17 to 20 weeks of gestation in patients before termination of pregnancy indicate that the same phenomenon occurs. Contrast medium introduced into the aorta entered the intervillous space within 4 to 5 seconds in the relaxed state, whereas during contractions induced with oxytocin or intra-amniotic injections of saline, entry was only observed in ϳ50% of cases. 29 Furthermore, the number of entry sites was reduced during contractions, as was the volume of contrast medium discharged. This intermittent perfusion can be expected to provide the basis for ischemia-reperfusion injury of the placenta, and the finding that labor is associated with increased xanthine oxidase activity in the placenta confirms that the insult does occur in vivo. 17 We have previously shown that induction of oxidative stress in placental explants stimulates production of inflammatory cytokines and angiogenic regulators. 9 The present study confirms that similar changes are induced physiologically in vivo during labor. In accordance with our results, placental production of both IL-1␤ and TNF-␣ have been reported to be elevated in labor. 30, 31 These cytokines activate the PG biosynthetic pathway primarily via the induction of COX-2, activating members of the NF-B family of transcription factors, and the SAPK, ERK1/2, and p38 MAPK cascades. In our study, the marked increase in COX-2 in placental tissue subjected to labor was associated with activation of the NF-B pathway, suggesting a possible involvement of this pathway. Similarly, a constitutive increase of NF-B activity was seen in human amnion cells harvested after labor, which functions to increase the COX-2 expression and seems to contribute to the functional progesterone withdrawal through an interaction with the progesterone receptor. 32 Placental production of PGs may therefore serve to initiate or augment uterine contractions during delivery in a feed-forward manner. A similar relationship between oxidative stress and increased concentrations of COX enzymes has recently been reported in the murine placenta. Labor was also associated with significant increases in both the transcript levels and protein levels of leptin in the placenta. Plasma concentrations of leptin rise significantly during pregnancy and decrease dramatically after delivery, suggesting the placenta is a major source of secretion. 34 -36 In agreement with our findings, a recent study showed maternal plasma leptin concentration increased significantly in pregnant women during the course of labor. 37 In addition, IL-1␤ and TNF-␣ treatment significantly stimulated leptin secretion and mRNA expression in placental explants and BeWo cells in vitro, suggesting cytokine involvement in leptin secretion during labor. 37 It is believed that VEGF-A, PlGF, and their receptor family are key components in regulating angiogenesis and trophoblast survival. A growing body of evidence indicates that soluble fms-like tyrosine kinase-1 (sFLT-1, sVEGF-R1), a naturally occurring circulating antagonist of VEGF-A and PlGF, is one of the secreted factors involved in the pathogenesis of preeclampsia. 38 Elevated placental oxidative stress is thought to play a key role by stimulating the release of factors that cause activation of the maternal endothelium. 39 sVEGF-R1 is increased in maternal serum and the placenta of preeclamptic patients and will reduce availability of VEGF-A, a potent endothelial-specific angiogenic mitogen 40 and survival factor. 41 We found the expression of sVEGF-R1 increased significantly in labored samples in a time-dependent manner. In women who develop preeclampsia, sVEGF-R1-1 rises sharply ϳ5 weeks before the onset of clinical disease. 42 This increase is accompanied by a decrease in free PlGF and free VEGF-A levels. In trophoblasts cultured under hypoxic conditions, VEGF-A expression and production increase while PlGF expression and production decrease. 43 Similar findings were seen in our study, where in parallel with increased sVEGF-R1 mRNA and tissue protein level, placental VEGF-A increased but that of PlGF (both mRNA and protein) decreased in labored samples. Gerber and colleagues 44 reported that VEGF-R1 receptor gene, but not the KDR/Flk-1 gene, is directly up-regulated by hypoxia via a hypoxia-inducible enhancer element, which includes a heptamer sequence matching the HIF-1 consensus binding site previously found in other hypoxia-inducible genes such as the VEGF-A gene and erythropoietin gene. In our study, Figure 7 . Ingenuity pathway analysis showing regulatory relationships among differentially expressed transcripts. Nodes marked in red indicate transcripts that are increased in prolonged labor relative to CS and those in green, the transcripts that are decreased. Transcripts marked with an asterisk were represented several times in the list of differentially expressed genes, each incidence being derived from a different probe on the microarray. The color intensity reflects the magnitude of the difference. The shape of the symbol denotes the type of protein encoded. Analysis was performed using software from Ingenuity.
33
HIF-1␣ expression was increased in labored samples, which suggests its involvement in the regulation of sVEGF-R1 and VEGF-A in labor. HIF-1␣ stability is increased by hypoxia, but it can also be up-regulated under nonhypoxic conditions by inflammatory cytokines or microtubule-depolymerizing agents involving the NF-B pathway. [45] [46] [47] Our findings are consistent with other studies that report that cytokine-mediated HIF-1 activation leads to production of VEGF-A and seems to proceed via a pathway involving up-stream PI-3K/Akt/ mTOR pathway, NF-B activation, and also COX-2 expression. 45 Oxidative stress and inflammatory cytokines are powerful inducers of both apoptotic and necrotic changes in many systems. In this study, we found that labor led to a significant increase in the incidence of apoptosis in the trophoblast, as evidenced by the cleavage of cytokeratin filaments. We have previously demonstrated that hypoxia-reoxygenation in vitro is a potent stimulus of apoptosis in the syncytiotrophoblast and that apoptosis can be modulated by the addition of anti-oxidant molecules. 9, 10, 12 In the context of vaginal delivery of the placenta, cell death may be of little physiological consequence because by this time the placenta will have completed its function. However, our results confirm that intermittent perfusion of the placenta is an adequate stimulus for apoptotic changes and so could account for the increased incidence of cell death observed in preeclamptic placentas. 48, 49 Deportation of apoptotic debris has been implicated in the pathophysiology of preeclampsia through activation of the maternal endothelial cells. 50 In conclusion, we have demonstrated that labor leads to increased oxidative stress, induction of inflammatory and angiogenic regulators, and increased incidence of apoptosis in the human placenta. Many of these changes intensify with labor duration and are consistent with ischemia-reperfusion injury. Microarray analysis revealed changes in several transcripts, including those encoding leptin, VEGF-R1, PLAT, von Willebrand factor, PlGF, PAI-2 (SEPINB2), and MAO-A. [51] [52] [53] [54] [55] [56] [57] The gene array analysis presented here, and the regulatory relationships described in Figure 7 , indicate that placental oxidative stress has the potential to alter the development or behavior of the placental vasculature. This is consistent with the situation we have previously described at the end of the first trimester when there is a burst of placental oxidative stress at a time when placental vascular development is occurring. 58 The transcripts changed in the same direction as observed in preeclampsia, suggesting that the placenta responds similarly to the oxidative stress induced during labor and in preeclampsia. This agreement suggests that the placental pathology can develop rapidly in preeclampsia, which may account for the sudden onset of the syndrome. It may also account for the fact that both preeclampsia and eclampsia may first present during labor or in the immediate puerperium. 59 It can thus be proposed that labor could serve as an in vivo model of an acute ischemia-reperfusion injury to investigate and understand placental changes occurring in preeclampsia. Finally, our findings indicate that in many respects a vaginally delivered placenta does not accurately reflect the organ's normal in vivo state. Consequently, we caution against the use of such placentas for biochemical and molecular studies.
